v' Arm pain due to avulsion of the cervical dorsal roots of the brachial plexus may become intractable, ameliorated little, if at all, by contemporary medical or surgical treatment. Severe and sudden trauma to the neck, shoulder, or arm is the usual cause of avulsion of the cervical rootlets. The injury may result in complete sensorimotor paralysis of the involved extremity, or a partial deficit if only a few rootlets are involved. Previous therapies have included stellate block, sympathectomy, high cervical cordotomy, rhizotomy, transcutaneous stimulation, dorsal column stimulation, mesencephalic tractotomy, cingulotomy, and the use of narcotics. The extent of the pathological change in the spinal cord following root avulsion is not completely known; at the time of operation, abnormalities frequently noted included ipsilateral atrophy of the dorsal aspect of the cord, dense arachnoid scarring, microcyst formation, and loss of both dorsal and ventral roots. The cervical myelogram is abnormal, although not necessarily pathognomonic of the extent of injury. The surgical technique of coagulation of the dorsal root entry zone is discussed, and the results and morbidity in 21 patients are reviewed. Thirteen patients (67%) continue to have good pain relief, with follow-up periods ranging from 6 months to 31/2 years. Three patients with extremity pain from other causes are included in the series. Clinical observations suggest the possibility that pain resulting from brachial plexus avulsion originates from pathophysiological changes in the injured dorsal horn of the spinal cord. This report is a discussion of a new technique aimed at destruction of the dorsal root entry zone for relief of chronic extremity pain.
I
N the past, avulsion injuries to the brachial plexus were relatively uncommon; however, from 1960 through 1972, 70 patients were treated at Duke Hospital for this problem. 44 The increased incidence of this type of injury is due, in part, to vehicular traffic, especially the greater use of the motorcycle. Pain was an early symptom in 70% of patients, but only 20% developed intractable pain requiring surgical intervention. Treatment during this period of time consisted of rhizotomy, cordotomy, dorsal column stimulation, and stereotaxic mesencephalotomy, all of which were largely unsuccessful. Although initial results in achieving pain relief with cordotomy a and stereotaxic mesencephalotomy 44 have been encouraging, the side effects of these procedures may severely restrict the patient's ultimate rehabilitation. High section of a spinothalamic tract on the healthy side of a unilaterally damaged neuraxis in a young person is accompanied by the risk of major interference with respiratory, sexual, and corticospinal tract function, and by the probable redevelopment of alternative pain pathways?
Recently 18 patients with intractable pain from brachial plexus avulsion injuries were treated with a new surgical technique of radiofrequency coagulation of the dorsal root entry zone (DREZ) of the cervical cord in the region of the avulsed nerve roots. The lesions created were originally intended to destroy the substantia gelatinosa at selected levels. 24 However, in view of the complicated anatomy of the DREZ 12,28,3~176 and the lack of histological confirmation of the lesion in our patients, we have elected to refer to the thermocoagulation target as "the DREZ." The initial results were encouraging enough to apply this treatment to three additional patients with intractable pain from other causes (Cases 13, 14, and 16, Table 1 ). One was a man with a gunshot injury of the brachial plexus; one was a woman suffering from a gunshot wound of the spine; and the third was a man with intractable chronic pain due to a previous pelvic tumor and subsequent complications. This preliminary report recapitulates the diagnostic and therapeutic aspects of brachial plexus avulsion injuries, and describes the method and results of this new neurosurgical procedure.
Clinical Status of Patients With Avulsion Injury
Of the 18 patients in this series with partial or complete avulsion of the brachial plexus, eight had been *TCS = transcutaneous stimulation; DCS = dorsal column stimulation. rage is the patient's age at DREZ thermocoagulation. :~A minus indicates no detectable change from preoperative neurological assessment; a plus denotes a postoperative change in the examination, however slight or transient. injured in motorcycle accidents, five had been involved in automobile accidents, three had sustained industrial crush-avulsion injuries, one had been involved in a bicycle mishap, and one was the victim of a speedboat accident (Table 1) . Characteristically, the onset of a severe intractable pain syndrome was noted l0 to 20 days after the avulsion injury. Since this type of pain did not appear immediately after the trauma, it suggests that an interval of time is necessary for pathophysiological changes to occur in the spinal cord, ultimately resulting in a painful state. The pain involved predominantly, if not exclusively, the dermatomal distributions related to those roots demonstrated to be avulsed at the time of subsequent surgery. This pain was described by the patients in various ways; it was always severe, frequently keeping the patient awake at night. The character of the pain was most often described as "sharp," "burning," "throbbing," "aching," or "pulling." Some patients used adjectives such as "tearing," "searing," "cracking," or "boring," or they likened the pain to "an ice pick" or a "razor blade." In one patient, the fingers were described as "tightly flexed" in the involved hand, and another patient, a motorcycle victim, described a sensation "as if the fingers were constantly gripped around the handlebars." Several patients experienced a phantom sensation in the denervated limb; the phantoms described were reminiscent of those associated with limb amputations due to other forms of trauma. The pain could be either constant or intermittent, and various stimuli would intensify the pain; such stimuli included physical exhaustion, anxiety, temperature changes (especially cold weather), and excessive exercise.
The diagnosis and evaluation of brachial plexus avulsion injuries have been discussed extensively in the literature, a,16,z~
The long-range rehabilitation goals of each patient must be kept in mind from the very beginning, as much of the early therapeutic endeavor and decision-making depends on a realistic appraisal of such goals. 1<5~ Depending on the extent of the injury, varying degrees of motor paralysis may be encountered; a completely flail and paralyzed extremity was the most common finding in our series. The sensory loss usually involved the entire limb up to the shoulder girdle. At times the injury resulted in motor and sensory deficits that extended beyond the distribution of the avulsed roots, suggesting additional infraganglionic damage to the plexus and/or injury to the spinal cord; the physical forces involved in this type of injury are complex in nature, and multilevel plexus and cord damage with brachial plexus injuries is well documented, a,l~'~ Every one of our 18 patients was found to have an abnormal-appearing spinal cord at surgery. An ipsilateral Horner's syndrome was documented in 12 patients; when present, it obviously provided a good clue to supraganglionic involvement of T-1.
The presenting clinical findings of the 18 patients with avulsion injury were modified to some extent by the variety of previous therapeutic efforts to relieve their pain. Eight of these patients had undergone amputation of the involved extremity immediately or at some later date after the injury. It must be emphasized that amputation has no beneficial effect whatsoever on the intractable pain syndrome under discussion (Table  1) . 59' 44 Narcotics had assumed a major role in therapy in nearly half of these individuals. Transcutaneous electrical stimulation had been attempted with several B. S. Nashold, Jr. and R. H. Ostdahl patients, but this was ineffective. The surgical procedures employed for pain relief in these patients had included rhizotomy, implantation of dorsal column stimulating units, cingulotomy, stereotaxic mesencephalotomy, and stellate block followed by sympathectomy. None of the patients described in this report had undergone a high cervical cordotomy.
Radioiogical Status of Patients With Avulsion Injury
The myelographic sign of the traumatic meningocele was initially described by Murphey, et al., 52 and it was initially thought that this sign was virtually pathognomonic of nerve root avulsionfl 5'3' 4a In the description by White and Hanelin? 3 "A cuff of duraarachnoid is torn out of the spinal theca. With retraction and shrinkage of the severed stump, a cavity is created which fills with spinal fluid. It is gradually enclosed by a re-formation of the ruptured arachnoid and dura, and a traumatic meningocele is formed. This can be readily filled with radiopaque media, and the presence and extent of root avulsion can be demonstrated by myelography."
Myelograms had been performed on 16 of our 18 patients with an avulsion injury, all of which demonstrated abnormal signs. We would emphasize from our myelographic review and subsequent surgical exploration, however, that the extent of the root avulsion is often incompletely demonstrated myelographically. This discrepancy between the myelographic appearance and the actual extent of root injury is now well recognized na4,16.lg,31,3a,sS'4~ and its explanation entails, at least in part, consideration of the physical mechanisms 38 and subsequent pathological changes 37 associated with avulsion of cervical nerve roots. The abnormal myelographic appearance may be characterized by absence of filling of the root sleeves on the side of injury, resulting from scar formation and deformation of the lateral edge of the dural sac (Fig. 1 A) . As seen in Fig. 1 B, the injury may cause a funneling effect of the nerve root sleeves, with small and relatively unimpressive diverticula. All of the myelographic studies in our patients with avulsion injuries were abnormal in some way, but the extent of the root avulsion visualized at surgery was usually greater than the myelographic appearance suggested. Figure 2 demonstrates a large intraspinal meningocele that was not appreciated myelographically and represented a mild surgical surprise, although decompression proved to be a relatively simple matter. Nevertheless, despite the discrepancies between clinical and myelographic findings noted above, the caveat must be stated that a myelogram may prevent the unwitting discovery of a large meningocele during the course of supraclavicular or infraclavicular brachial plexus exploration. We are aware of a recent case wherein such an event occurred; the unfortunate outcome was a severe problem of meningitis. There is evidence that meningeal disruption and traumatic meningocele formation may occur without actual avulsion of the associated root. 14,34 In view of recent enthusiasm regarding the surgical exploration of brachial plexus injuries, 2~ a myelogram should definitely be considered preoperatively in all patients with brachial plexus injury, despite the results of clinical evaluation, axon reflex testing, 2 and electromyography? ,1~,42
Patients With Pain From Other Causes
In view of our success in achieving pain relief in a high percentage of patients with brachial plexus injuries, we thought that this procedure might be offered to patients with extreme pain from other etiologies. One patient (Case 13) suffering from upper extremity pain secondary to a gunshot wound of the brachial plexus was treated successfully with this method.
The opportunity for further investigation of the benefit of DREZ lesions in the relief of lower extremity pain presented itself when a paraplegic woman (Case 14) with bilateral cramping lower extremity pain secondary to a gunshot wound of the spine was referred to Duke Medical Center. Tomography clearly demonstrated bone and bullet fragments in the spine, and the patient underwent lumbar laminectomy with removal of this material from the spinal canal and exploration of dense scar tissue. It was concluded from visual inspection and results of electrical F1G. 2. Case l l. lntraspinal meningocele encountered at operation.
FIG. 3.
Preservation of blood vessels at sites of the root avulsion.
stimulation that there were no intact neural structures at the level of the injury (L2-3). A series of bilateral thermal lesions in the DREZ of the low cord and conus has afforded this patient nearly complete and lasting relief of pain. Another patient with bilateral lower extremity pain, a 48-year-old man (Case 16), had first presented in 1953 with a large giant-cell tumor of the sacrum. He underwent several surgical procedures, and developed bowel and bladder incontinence, later requiring a colostomy. After he had been treated surgically for a sacral abscess in 1965, he began to experience intractable pelvic and leg pain. He underwent multiple operations for pain relief, including cordotomy, dorsal column stimulator insertion, and lumbar laminectomy for arachnoiditis. At the time of our evaluation, he presented with intractable low-back, pelvic, and bilateral proximal leg pain. He could support his weight when standing for short periods, but he was unable to walk more than a few steps because of the pain; he spent most of his time in a wheelchair. We carried out multiple bilateral dorsal root entry zone thermal lesions in the distal spinal cord below T-12, and the patient has experienced excellent relief of pain, which B. S. Nashold, Jr. and R. H. O s t d a h l has persisted now for over 8 months. Postoperatively the motor deficit was markedly worsened to the point of a severe paraparesis, although this has subsequently improved.
Surgical Technique of DREZ Coagulation
The cervical operation is carried out with the patient in the sitting position. A central venous pressure line is placed and Doppler monitoring established. Patients with leg pain are operated on in the prone position. A laminectomy is performed in the region of the avulsion injury, usually including C-5 through T-1. When the dura is exposed, lateral and posterior meningoceles may be noted at various levels of the root avulsion, and they usually correspond to the defects seen on the preoperative myelogram. If larger meningoceles are encountered, they are dissected free, and the dural defects are closed. Magnification with loupes or microscope is used when the dura is opened. The arachnoid often appears thickened, with numerous arachnoidal bands coursing through the subarachnoid space, attaching to the pia arachnoid over the spinal cord. These adhesions are carefully separated.
The cervical spinal cord in the region of the injury appeared normal in none of our patients. Often the cord was shrunken on the side of the injury, with associated thickening of the pia arachnoid. Whereas the cervical roots are easily identified on the normal side of the cord, the dorsal and ventral roots are missing to various degrees on the injured side. In several patients a small radicular blood vessel remained intact at the time of trauma, and this could be seen coursing across the subarachnoid space between the edge of the injured dura and the empty root sleeve (Fig. 3) . Sometimes the dorsal surface of the spinal cord appeared hypervascularized. Palpation of the cord often revealed small cystic areas, with associated softening and yellowish discoloration. The area of the DREZ is inspected under magnification to verify the external landmarks on the cord surface. The individual nerve rootlets comprising each cervical dorsal nerve root proper have their origin in the intermediolateral sulcus which courses along the dorsal surface of the cord at the lateral edge of the dorsal columns; this sulcus is easily identified on the uninjured side.
The lesion electrode is an insulated stainless steel wire (0.018 inch) with a tapered, uninsulated, 2-mm tip.* This electrode is introduced into the intermediolateral sulcus at the site of rootlet avulsion for a distance of 2 mm, angled 25 ~ in the lateromedial direction (Fig. 4) . A series of radiofrequency coagula-*Stainless steel lesion electrode manufactured by Radionics, Inc., 76 Cambridge Street, Burlington, Massachusetts. We used magnification to observe lesion formation, and noted that a circular whitened coagulated area accumulated around the tip of the electrode, extending 1 to 2 mm beyond the tip of the probe. We believe that the lesions gradually coalesce to produce a long strip of coagulation extending from the uppermost to the lowermost intact root. Intravenous steroids are given at the time of lesion formation, and are continued for several days postoperatively. The cord does not appear grossly abnormal following this procedure, nor is there any evidence of significant swelling. It is usually possible to identify the lesions clearly (Fig. 5) . The dura and the remainder of the wound are then dosed.
Results
All of the 18 patients undergoing surgery for intractable pain related to brachial plexus avulsion injuries were male. Three categories of pain relief were defined: a "good" result signified 75% or greater relief of pain; a "fair" result was equivalent to pain relief of 25% to 75%; a "poor" result meant relief of less than 25%. By these criteria, 10 of the 18 patients with avulsion injuries and the patient with the upper extremity gunshot wound (Case 13) have experienced not only good but lasting pain relief. In most of these patients, pain relief was actually 90% or greater. The two patients with lower extremity pain (Cases 14 and 16) also continue to be free of pain. Thus, a total of 13 of the 21 total patients reported (67%) continue to experience pain relief of at least 75% (Table 2) . Case 19 continues to experience 70% pain relief, and Cases I and 2 obtained 50% pain relief. One patient (Case 15) experienced excellent relief of pain for 6 months, then his pain returned nearly to its original intensity. Case 6 experienced 80% relief of pain for 1 month before it returned. Three patients (Cases 3, 4, and 12) never had very significant pain relief, thus bringing the failure rate of the procedure to 24%. Two of the patients in the category of "good" pain relief underwent additional maneuvers at the time of surgery which may have affected the ultimate outcome. Ipsilateral C-3 and C-4 sensory rhizotomy for pain which extended into the supraclavicular region was performed in Case 21, and decompression of a large meningocele was carried out in Case 11. It must also be remembered that the follow-up interval of any pain procedure is of crucial importance in the assessment of ultimate outcome. Fifteen of the patients described in this report have been followed for less than 15 months (Table 2) . Two patients committed suicide within 1 year of the surgical procedure. Of the three patients followed for more than 21/2 years, one (Case 5) remains free of pain, one (Case 2) continues to experience fair relief, and one (Case 4) has received only 20% to 25% relief of pain. None of these parameters have changed, however, since early assessment following surgery.
With regard to postoperative morbidity, a number of the patients have experienced mild to moderate weakness in the ipsilateral lower extremitY following the surgical procedure. This has been transient in some situations, persistent in others. Table 1 indicates postoperative motor or sensory changes. At the most recent follow-up examination, 11 of the 21 patients continue to experience some degree of residual weakness, barely detectable in some cases. Equally important are the postoperative sensory changes; six of the 21 patients had no new postoperative sensory findings, and 15 patients experienced sensory abnormalities attributable to the surgical procedure. These include a variety of intriguing sensory symptoms and signs. The most severe and consistent change noted has been a proprioceptive deficit in the ipsilateral lower extremity. One patient with a partial injury (Case 20) was left with a severe proprioceptive deficit in the involved hand. Several patients experienced a subjective "fuzzy" sensation associated with a thoracic level of hypesthesia. An ipsilateral band of hyperesthesia in the thoracic region at the upper border of hypesthesia was described on more than one occasion. Whereas proprioception and pallesthesia were most frequently impaired, these modalities were preserved at times when altered light touch perception was present. One of the most intriguing findings was the ipsilateral diminution of sensation to pinprick and/or thermal stimuli in three patients. One patient (Case 10) had a definite zone of hypalgesia and thermanesthesia extending from T-3 to T-8 on the side ipsilateral to the lesion, associated with paresthesiae at the T-4 level. He also experienced a subjective sensation of numbness in the ipsilateral chest, abdomen, and leg, as well as impaired proprioception in the left foot. Another patient (Case 11) had altered thermal sensation extending from T-3 to L-2 ipsilaterally in addition to a T-3 level of hypesthesia and impaired proprioception involving the toes. The third patient (Case 21) had diminished appreciation of pinprick in the thoracic region in association with soreness of the nipple and subjective numbness in the penis and gluteal region, all ipsilaterally. Several patients continued to experience postoperative paresthesiae in the involved extremity, despite nearly total pain relief. One patient (Case 6) developed numbness and atrophy in the contralateral upper extremity in a distribution which could not be readily explained.
Discussion
The intractable pain of brachial plexus avulsion is central in nature, in all probability related to pathophysiological changes occurring in the DREZ and produced by the traumatic afferent disconnection of the cervical dorsal roots. The pain fits Riddoch's definition of central pain, ~a that is, "spontaneous pain and painful overreaction to objective stimulation resulting from a lesion confined to the substance of the nervous system, including dysesthesiae of a disagreeable kind." In the patient with a totally deafferented arm, the pain may be combined with a phantom sensation. Because the patient may at times describe the pain as burning, some authors have classified it as a type of causalgia. We believe that the term "causalgia" should be reserved for that type of pain originally described by Mitchell, et al., 21 in persons with partial peripheral nerve injuries. Causalgia responds to sympathetic block and sympathectomy while, in our experience, avulsion pain is not ameliorated by either of these therapeutic maneuvers.
The brunt of the injury appears to involve the DREZ, although there is a paucity of human postmortem studies to confirm this. Tillmann and Engel 4~ described a variety of DREZ changes seen at autopsy in a patient who had sustained a brachial plexus avulsion injury 52 years previously; in addition, however, there was gray matter destruction and pseudocyst formation associated with a traumatic meningocele. Whereas numerous theories have been proposed to explain the mechanisms of central pain, we believe that three of these theories may be most applicable in elucidating the pathophysiological changes in the spinal cord responsible for intractable avulsion-related pain. These three theories are: 1) hypersensitive neuronal pools of the injured DREZ due to deafferentation; 2) injury to spinothalamic and spinoreticular pain pathways; and 3) local dysfunctions of the neuronal pools of the DREZ due to facilitatory or inhibitory influences of the tract of Lissauer.
Denervation hypersensitivity is a well known physiological phenomenon described both in experimental animals and humans. The deafferented neuron becomes hyperactive and discharges paroxysmally, ~7 possibly resulting in painful dysesthesiae. Loeser, et al., 18 have recorded high-frequency paroxysmal discharges from chronically denervated cells in the conus medullaris of a paraplegic patient, and epileptiform discharges in concert with central pain were recorded from the midbrain of several patients by Nashold and Wilson? 5 Denny-Brown 5 has shown that cells of the substantia gelatinosa in the monkey develop a state of prolonged tonic discharge after dorsal-root interruption. It is now well recognized that the networks and cell masses of the dorsal root entry zone form an exceedingly complex neuronal conglomerate in a synaptic environment modulated by peripheral afferent input and regional influences from surrounding spinal cord activity. Thermocoagulation of the DREZ in our patients would destroy areas with hyperactive neurons and thereby abolish pain, analogous to the resection of epileptic cortical tissue to abolish seizure activity.
Pagni 26 made a detailed analysis of the clinicopathological factors responsible for manifestations of central pain in man, and he concluded that the phenomenon of central pain is due to pathophysiological changes along the afferent sensory pathways "irrespective of whether the cells or fibers are destroyed." Two important afferent pathways that could be involved with the avulsion injury are the spinothalamic and spinoreticular tracts, whose cells of origin, to some extent, are in the DREZ. Support for Pagni's argument lies in the fact that the intractable pain of an avulsion injury may be relieved by a high cervical cordotomy? mesencephalic tractotomy, 44 or localized coagulation of the DREZ as we have reported. Pain relief after DREZ thermocoagulation might simply be due to destruction of cells of origin of these two important afferent pathways. Detailed postmortem histopathological studies of the spinal cords of patients with avulsion injuries treated in this fashion will be required to settle this question.
The observations by Denny-Brown, et al., ~ in the monkey concerning the tract of Lissauer emphasized the importance of this structure with regard to its possible role in central dysesthesiae. This is hardly a new idea; Ranson 3~ suggested in 1913 that the tract of Lissauer could be responsible for the transmission of pain and temperature. This observation was proven many years later by Hyndman, 1~ who carried out differential section of the tract of Lissauer in patients with a variety of painful conditions; he was able to show that pain and temperature were abolished over an area of several dermatomes adjacent to the level of the Lissauer-tract section in the human spinal cord. The tract of Lissauer extends throughout the length of the spinal cord, with 25% consisting of afferent fibers of peripheral origin, and the remaining 75% of fibers arising from neurons located in the substantia gelatinosa. 8 This tract lies in the dorsal portion of the DREZ, with its fibers bifurcating and running up and down the cord for several segments, making rich connections with cells throughout the DREZ. The influence of this structure on cutaneous dermatomes was illustrated by observations in the monkey on the effects of differential Lissauer-tract section on the isolated intact dermatome. ~ Selective section of the medial division of the tract of Lissauer tended to abolish a facilitating effect of neighboring roots on the dermatomal representation of the test root, while section of the lateral division interfered with a strong inhibitory influence on the test root. ~ The pain relief experienced by our patients could be related to a modification of the influence of Lissauer's tract on spinal segments adjacent to the injury level. Indeed, some of the postoperative sensory changes that we have described extended well below the lower level of the DREZ coagulation and are reminiscent of Hyndman's findings? ~ At present, one can only speculate regarding the possible mechanisms responsible for intractable central pain in some patients with brachial plexus avulsion injuries. It is becoming more evident from physiological and clinical observations in humans and animals, however, that afferent input through dorsal roots exerts a potent influence on segmental spinal cord activity; deafferentation in some fashion modulates the message conveyed centrally such that it is consciously experienced as pain. In 1966, Kerr ~3 demonstrated the experimental feasibility of destruction of the trigeminal spinal nucleus caudalis, and theorized on the possible treatment of intractable craniofacial pain. It is particularly intriguing to us that patients with chronic pain from causes other than root avulsion have obtained significant benefit from DREZ destruction. Recently, some interesting work has been done on opiate receptors in the DREZ. 1' 7' 1~, 27 We feel that, with improved knowledge of spinal cord anatomy and physiology in man, future neurosurgical operations may be designed with smaller and more precise lesions localized to various structures of the human spinal cord.
